Exposure of maize leaves to a 3-hour photoinhibitory treatment (photon flux rate of 2,000 microeinsteins meter-2 second-', mediates of the photosynthetic electron transport chain (4). Under conditions resulting in photoinhibition intermediates of the electron transport chain would be expected to remain highly reduced, a situation which should favor maintaining light-activated enzymes in an active form. However, normal activation may not occur when turnover of NADP* is limited by lack of CO2 assimilation (19, 22) , or because of the direct inhibition of chloroplast electron transport at PSII (23).
ities could be recovered partially either by incubating enzyme extracts with dithiothreitol or by illuminating the treated leaf in air. Several enzymes which are not light-activated were not affected by the treatment. Ribulose-5-phosphate kinase activity was also reduced when bean plants grown in low light were subjected to a similar photoinhibitory treatment. It is suggested that, although the reactivation of these enzymes may be correlated with the short tenn increase of CO2 uptake capacity observed when photoinhibited leaves are returned to illumination in air, inactivation of these enzymes does not contribute significantly to the long term in vivo expression of photoinhibition observed after 2 to 4 hours. The results provide an example of partial inactivation of light-activated enzymes under illumination equivalent to full sunlight.
mediates of the photosynthetic electron transport chain (4) . Under conditions resulting in photoinhibition intermediates of the electron transport chain would be expected to remain highly reduced, a situation which should favor maintaining light-activated enzymes in an active form. However, normal activation may not occur when turnover of NADP* is limited by lack of CO2 assimilation (19, 22) , or because of the direct inhibition of chloroplast electron transport at PSII (23) .
These possibilities were investigated in the experiments reported here, where enzyme activities assayed immediately after photoinhibitory treatments were compared with the activities in untreated tissues. In some experiments additional enzyme assays were done on leaf tissue given a 90-min equilibration period in air immediately after the photoinhibitory treatment. Previous experiments have shown that this treatment allows substantial shortterm recovery in the capacity for CO2 uptake (19, 22) . The present experiments were therefore designed to assess whether this partial in vivo recovery from a photoinhibitory treatment could be explained by changes in the activity of enzymes involved in CO2 metabolism.
In higher plants, photoinhibition has been induced by two different treatments. In the first, plants adapted to low light showed a diminished capacity for C02-dependent and light-limited CO2 uptake following exposure to PFR2 greatly in excess of light saturation (3, 7, 23) . Second, both C3 and C4 plants adapted to high PFR are photoinhibited when exposed to PFR similar to those of their growth conditions, but under low CO2 and 02 partial pressures (19, 21, 22) . The effects of these two different photoinhibition treatments are qualitatively similar: the photoinhibition results in reduced C02-dependent and light-limited photosynthetic CO2 uptake as well as an inhibition of PSI1 electron transport (5, 20, 23) .
Photoinhibition may also involve effects on the activity of key enzymes of CO2 assimilation, especially those known to be under dark/light regulation. Activation of the latter enzymes probably involves reduction of disulfide groups; the proportion of the enzyme-existing in the active disulfhydryl form apparently being determined by the oxidation/reduction status of particular inter- ' was grown in a growth chamber under a low PFR of 80 yIE m-2s-' as previously described (23) . Experiments were conducted on the terminal leaflet of the first trifoliolate leaf 14 days after unfolding. Zea mays was grown in Canberra during the spring months in an unshaded glasshouse as previously described (19) . After removing 5 cm from the tip, the remaining terminal section of the seventh leaf (fully ex?anded) was used for these experiments (approximately 40 cm of leaf).
Gas Exchange Techniques and Photoinhibitory Treatments. The gas exchange procedures and apparatus were as described previously (19, 22, 23) . For both maize and bean leaves, the photoinhibitory treatment consisted of a 3-h exposure to a PFR of 2000 ,tE m 2s-. During the treatment period, the attached maize leaves were maintained in CO2-free air, at a leaf temperature of 30°C, and a leaf-to-air water vapor pressure difference of 6 to 10 mbar. Two different treatments were imposed on attached leaflets of the low light-grown bean plants (see Powles and Thorne [23] ).
During the exposure period, the gas stream was either nitrogencontaining 500 ,ubar CO2 and 10 mbar (1%) 02 (conditions which allow maximum rates of CO2 uptake) or C02-free nitrogen containing 10 mbar 02 (conditions which prevent CO2 uptake). Bean leaflets were treated at a leaflet temperature of 25°C and a leafletto-air water vapor pressure difference of6 to 10 mbar. Immediately after the 3-h treatment period ended the leaf material was prepared for enzyme assays (unless otherwise stated).
Enzyme Extraction and Assay. [12] , Hatch and Slack [13] , Hatch [8, 9] , Johnson and Hatch [14] ). A similar portion of the maize leaf adjacent to the treated section was exposed to air and a PFR of 1,000,iE m-2s-1 throughout the treatment period and extracted simultaneously as the control.
In experiments with maize leaves, where the short term recovery of CO2 uptake was examined, only the terminal half of the treated portion of the leaf was extracted immediately after the photoinhibitory treatment; the remaining section of the treated leaf (still attached to the plant) was returned to the leaf chamber and illuminated at a PFR of 2,000 1iE m-'s-' in air (30°C). The leaf displayed a partial short term recovery of CO2 uptake capacity (19) and when a steady rate was reached (70-90 min) the remainder of the treated portion of the leaf and an adjacent control segment were extracted and assayed.
Bean leaflets were extracted by the same method except that the buffer used (unless otherwise stated) was 50 mm Hepes-KOH (pH 8.0), 2 mm DTT. A lateral leaflet of the same leaf (exposed to air and a low PFR of 150 ,uE m-2s-1 throughout the treatment period) was used as a control. The extract was maintained at 0°C for all enzyme assays. Using these conditions, we have measured a 5-fold difference between ribulose-5-P kinase activity in extracts of illuminated and dark leaves.
After the assay of initial activity, the extracts were subdivided and incubated under conditions appropriate for the full activation of the enzymes. Pyruvate, Pi dikinase was activated for 60 to 120 min at 25°C in extraction buffer containing 3 mm K2HPO4 and 6 mM pyruvate. The other enzymes from maize leaves were activated by incubating under N2 for 60 to 120 min (10 min for ribulose-5-P kinase) at 25°C in extraction buffer plus an additional 5 than the activity of control tissue (Table I and II) . Activity could be almost completely recovered when the extract was subsequently incubated with DTT. Pyruvate, Pi dikinase activity was also depressed (21-38%), but when extracts were incubated 'ith phosphate and DTT, the activity was only marginally restor (Tables  I and II) . Ribulose-5-P kinase activity was only slightly depressed (Table II) , but after activation with DTT, the activity increased about 20%o while the activity in extracts from control tissue remained unchanged. The smaller effect of photoinhibition on this bundle sheath enzyme compared with the two mesophyll enzymes (NADP malate dehydrogenase and pyruvate, Pi dikinase), may be correlated with the greater inhibition of PSII electron transport observed in mesophyll cells (19) .
Three enzymes known not to be light-activated were also assayed. The activity of PEP carboxylase was consistently 10 to 12% lower in leaf tissue exposed to the photoinhibitory treatment than in the control (Table I ). (19) . In the experiment reported in Table  II , the activities of enzymes were measured before and after this period.
Most of the activity of NADP malate dehydrogenase lost during the photoinhibitory treatment was recovered during the 90-min post-treatment illumination in air (Table II, in vivo reactivated) . Ribulose-5-P kinase activity also increased during this period of illumination in air. Full activity of these light-activated enzymes could also be restored by incubating the extracts with DTT. In contrast to the above two enzymes pyruvate, Pi dikinase was not reactivated either by subsequent illumination of leaves in air or by incubating extracts with phosphate and DTT. The activity of the light-insensitive enzyme NAD malate dehydrogenase was not affected by the photoinhibitory or activation treatments.
Effect of Photoinhibitory Treatments on Activty of Enzymes
Extracted from Bean Leaflets Immediately after Treatment. Exposure of leaflets of low light-grown bean plants to illumination at a PFR of 2,000 E m-s-' (25 times the growth PFR) in the absence of CO2 leads to substantial photoinhibition (23) . This treatment also caused a decline in the activity ofthe light-activated enzyme ribulose-5-P kinase and, as in maize, this activity could be largely restored by incubating the extracts with DTT (Table III) . NADP malate dehydrogenase activity was also low in extracts from photoinhibited leaves and activity could be increased by incubating the extracts with DTT (data not shown). NADP glyceraldehyde-3-P dehydrogenase activity was slightly lower after the photoinhibitory treatment (Table III) a In this experiment, PEP carboxylase was activated at pH 7.4 in the presence of BSA (6 mg ml-'), Pi (3 mM), and pyruvate (6 mM). Table II . Enzyme Reactivation during Short Term Recovery of Photoinhibited Maize Leaves Enzyme extracts were prepared from the terminal half of the treated portion of the maize leaf using 50 mm Hepes-KOH (pH 8.0), 5 mM DTT, 10 mM MgCl2 as described under "Materials and Methods" (photoinhibited). The remainder of the leaf was then illuminated in air for 90 min and extracts were prepared from the treated sections of the leaf (in vivo reactivated) and an adjacent untreated segment (control). Each extract was assayed for enzyme activity immediately after preparation (initial extract) and again after incubation at 25°C in the presence of an additional 5 however, in the presence of 10 mm DTT, some activation of the light-activated enzymes was observed. In Table III , examples of both extraction conditions are presented. Activation during extraction probably contributes to the higher ribulose-5-P kinase activity observed in extracts prepared from photoinhibited tissue using buffer containing 10 mM MgCI2. When similar experiments were conducted with leaflets of bean plants grown under full sunlight conditions, the effect of photoinhibitory treatment on the activity of the light-activated enzymes was less (data not shown).
The extent of photoinhibition in low light-grown bean plants exposed to a 3-h illumination at 2,000 ,uE m 2s-' is greatest in the absence of CO2 and diminished if CO2 is present throughout the high light treatment period (20, 23) . Table III shows that the effect of illumination in the presence of 500 ,ubar CO2 on the inhibition of activity of ribulose-5-P kinase was much less than the effect of illumination in the absence of CO2. This treatment had no significant effect on the activities of NADP glyceraldehyde-3-P dehydrogenase, 3-PGA kinase, or NAD malate dehydrogenase.
DISCUSSION
The results demonstrate that exposure of leaves to a photoinhibitory treatment results in partial loss of activity of some of the light-activated enzymes involved in CO2 metabolism. Enzymes which are not light-activated are not significantly affected. The light-activated enzymes can be partially or totally reactivated by incubating the extracts with DTT, suggesting that the ferredoxinthioredoxin or light effect mediator systems are involved (4). With maize leaves, reactivation of the enzymes occurred in vivo when treated leaves were illuminated in air for 90 min (Table II) . The substantial, but incomplete, short term recovery of CO2 uptake rates in maize leaves following the photoinhibitory treatment (Fig.  I in Powles et al. [19] ) may be related to reactivation of these enzymes (Table II) . However, since the inactivated enzymes were almost fully reactivated within 90 min, it seems unlikely that inactivation of these enzymes contributes significantly to the in vivo expression of photoinhibition which is still evident for at least 2 to 4 h following return of treated maize leaves to normal air (19) . The significance of the irreversible inhibition of pyruvate, Pi dikinase activity in contributing to in vivo photoinhibition is difficult to assess. It has recently been observed (Hatch, Chapman, Sugiyama, unpublished) that the mechanism of light activation of this enzyme is more complex than originally proposed (13). MgC12.
The effects of photoinhibitory treatments on the activity of enzymes extracted from treated leaflets of low light-grown bean plants showed that illumination in the absence of CO2 assimilation (zero C02) led to inactivation of ribulose-5-P kinase (Table III) .
When leaflets were treated under similar conditions but in the presence of 500 ,ubar CO2 (allowing maximum rates of CO2 uptake), the inactivation of this enzyme was considerably less and other enzymes were completely unaffected. These observations are consistent with the effects of increased CO2 partial pressure in reducing the effects of photoinhibitory treatment on the subsequent capacity for CO2 assimilation and PSII activity (20, 23) .
Since enzyme inactivation occurred while the leaves were subjected to full sunlight, and since chloroplast electron transport capacity of PSII in these leaves is known to be directly inhibited (5, 23) , the results support the hypothesis that maintenance of light-activated enzymes in the "active" state may be directly related to the availability of photosynthetically generated electrons. Under conditions of illumination, light-activated enzymes may become partially inactivated if electron transport is inhibited either directly (by use of DCMU 117]) or by photoinhibitory treatments as outlined above. At present, it appears most likely that the primary photoinhibitory effect in these experiments is upon PSII.
